Abstract: A dual-slot silicon electro-optic modulator based on indium tin oxide is proposed with high modulation efficiency, low loss, and broadband operation leveraging the epsilon-near-zero (ENZ) effect. The design is verified by numerical simulation with Lumerical Solutions. The active modulation region consists of two slots for enhancing the overlap between the optical mode and the ENZ region to improve the performance of the electroabsorption modulator. By combining the confinement of the dual-slot waveguide and the ENZ effect, we can obtain a high modulation efficiency of 1.44 dB/μm at the wavelength of 1.55 μm. The modulator with a modulation region length of only 10 μm demonstrates a low insertion loss and a high extinction ratio, with the corresponding values of 0.37 and 14.4 dB, respectively. Through the optimized design, the efficient coupling can be achieved between the silicon waveguide and the dual-slot waveguide with the coupling loss of only 0.12 dB. Moreover, the modulator can operate in a wide spectrum, covering the S-, C-, and L-band. The dual-slot electro-optic modulator thus provides various merits including high modulation efficiency, ultracompact footprint, broad optical bandwidth, and complementary metal-oxide-semiconductor compatibility.
Introduction
As the demands for high-speed and large bandwidth information processing increase, the performance of intra-chip and inter-chip communications is limited by the electronic interconnects. Optics is considered as one of the most preferable candidates for wide bandwidth data transmission and interconnection [1] . Among them, silicon photonics [2] , which has a number of advantages compared with other platforms, has attracted much attention in the integration of passive devices and active electro-optic devices owing to its mature fabrication processes and CMOS compatibility. Significant developments have been carried out in realizing well-established waveguides, germanium-on-Si photodetectors [3] , [4] , and silicon optical modulators [5] , [6] .
High speed, high modulation efficiency, large optical bandwidth, small footprint and low power consumption are often required for optical modulators to realize the chip-scale photonic integration. Since there are no strong electro-optic effects in silicon due to the lattice structure, the most common way to achieve high speed optical modulation is based on the plasma dispersion effect. High-speed silicon-based optical modulators typically employ a reverse-biased PN junction to deplete free carriers to affect the refractive index of the material, but there are drawbacks in the aspects of the device footprint and the modulation efficiency, typically up to hundreds of micrometers to several millimeters to accumulate sufficient phase change. The footprint can be reduced by utilizing a resonant structure with high modulation efficiency, but such devices exhibit narrow bandwidth and thermal instability. Thus, the trade-off between the modulation efficiency and the device footprint exists due to the intrinsic properties of silicon [7] . Electro-absorption modulators based on Ge or GeSi materials are promising [8] - [10] , however suffer from relatively high insertion loss and limited extinction ratio and optical bandwidth due to the modulation principle.
To develop the next-generation high-speed and high modulation efficiency electro-optic modulators, new materials have been incorporated in the silicon platform, such as graphene, polymer, vanadium oxide. The so-called hybrid electro-optic (EO) modulators based on silicon-photonic waveguide structures have been proposed in the last decade [11] - [14] . Among the various materials, transparent conductive oxides (TCOs) have attracted considerable interest in recent years due to their special optical and electrical properties [15] - [17] . The permittivity of TCOs can be tuned in a large range by changing the carrier density inside the material in the near-infrared wavelengths.
TCOs are attracting great attention due to their dramatic tunability of optical properties. They are wide bandgap semiconductor oxide materials. The permittivity dispersion of TCOs follows the Drude model at the telecommunication wavelengths. Many types of TCOs-based modulators have been demonstrated, including devices based on silicon waveguides [18] - [20] and hybrid waveguides [21] - [26] . The indium tin oxide (ITO) modulator based on highly confined hybrid plasmon waveguides has demonstrated an electro-absorption (EA) rate of 1.7 dB/μm [23] . In addition to the electro-absorption mechanism, the phase modulation operation has also been investigated recently and high phase modulation efficiency can be obtained [27] - [30] . However, the modulation process accompanies relatively high loss which limits its application. The ITO modulator based on the combination of the simultaneous phase and absorption coefficient modulation has demonstrated the smallest EO modulator of only 0.06 μm 3 , but with a usable optical bandwidth of only greater than 1 nm [31] . Meanwhile, the ITO modulator based on a silicon slot-waveguide has shown better performances in terms of modulation efficiency compared with the ITO modulator based on a silicon rib waveguide [32] . To conclude, hybrid plasmonic-silicon or metal-insulator-metal waveguides can significantly improve the EA rate due to the ultrahigh optical mode confinement from plasmonics, however, introduce relatively high optical loss as well. Silicon rib waveguides are free of metal, but suffer from low modulation efficiency. It is critical to simultaneously obtain high modulation efficiency and low optical loss for an EO modulator.
By combining a novel dual-slot waveguide configuration with a robust modulation principle called epsilon-near-zero effect, utilizing a highly efficient electro-optical material, we demonstrate a high modulation efficiency, ultracompact and broadband electro-optic modulator. The dual-slot waveguide structure enhances the interaction between the optical mode and the active material due to two additional modulation regions. Exploiting these unique features, we can obtain a highly efficient, low-loss and ultracompact electro-optic modulator. The proposed dual-slot silicon photonic modulator with a modulation region length of only 10 μm demonstrates a low insertion loss (IL) and a high extinction ratio (ER), with the corresponding values of 0.37 dB and 14.4 dB, respectively. Through the careful design, the highly-efficient coupling can be achieved between the silicon waveguide and the dual-slot waveguide with the coupling loss of only 0.12 dB. The modulation efficiency of the proposed ITO based modulator is therefore further improved compared with the modulators based on silicon rib waveguides and single-slot waveguides. Meanwhile, broadband operation can be achieved, covering the S, C, and L bands. The ultracompact, highly efficient and broadband EO modulator is very promising for the next-generation photonic integration.
Device Structure and Principle
The proposed dual-slot electro-absorption modulator is based on the silicon-on-insulator (SOI) substrate with a 220 nm thick top silicon layer. The modulator comprises a pair of input and output Fig. 1 . Schematic of the proposed dual-slot silicon modulator based on ITO, where the two insets show the enlarged cross-sectional views of the active modulation region and the beginning of the transition region. The ITO layer, the HfO 2 layer, and the p-doped silicon waveguide form a MOS-like structure. W and h are the width and the height of the input/output silicon waveguides. The transition region is formed by three tapered waveguides, which connects the input/output silicon waveguides and the active modulation region. The waveguide widths of w c and W at the beginning of the transition region linearly changes to w 2 and w 1 through the tapered waveguides, while the gap between the waveguides narrows from G 2 to the width of the slot w slot . w 1 , w 2 and w slot represent the widths of the silicon rails and the slot in the active modulation region. H is the total thickness of the deposited ITO material. L 1 and L 2 represent the corresponding region lengths, respectively. silicon strip waveguides, transition regions and a dual-slot active modulation region coated by a HfO 2 and ITO stack. The ITO layer, the HfO 2 layer, and the p-doped silicon waveguide form a MOS-like structure, which can be utilized to actively tune the carrier concentration in the ITO layer with the voltage applied. The dual-slot structure, which provides two additional carrier accumulation layers, can greatly improve the modulation efficiency and reduce the device dimension owing to the light confinement of the slot waveguide and enhanced light-material interaction. Fig. 1 schematically shows the 3D view of the dual-slot electro-absorption modulator and the cross sections of the active modulation region and the beginning of the transition region. For the input and output silicon strip waveguides, the width and the height are denoted as W and h , with the corresponding values of 450 nm and 220 nm, respectively. The transition region is formed by three tapered waveguides, which connects the input/output silicon waveguides and the active modulation region. The length of the transition region is denoted as L 2 . The waveguide widths of w c and W at the beginning of the transition region linearly changes to w 2 and w 1 through the tapered waveguides, while the gap between the waveguides narrows from G 2 to the width of the slot w slot . The transition region is designed to minimize the discontinuity of the structure and efficiently convert the optical mode in the silicon waveguide into the dual-slot waveguide mode and vice versa.
The active modulation region with the length of L 1 is formed by two slots separated by three silicon rails, with the corresponding widths of w 1 and w 2 . The slots, the silicon rails and the silicon input/output waveguides can be defined through electron beam lithography (EBL) and reactive ion etching (RIE) in a single step. The HfO 2 layer and the ITO cladding are covered on the waveguide in sequence. The HfO 2 and ITO layers can be conformally deposited through ALD method [33] . Considering the aspect ratio of the structure, the ITO layer is deposited by a sputtering process with the total thickness of H = 325 nm. The ITO layer is formed by Sn doping In 2 O 3 at 10 19 cm −3 , which is the lowest concentration to keep its conductivity instead of behaving as a Mott insulator [34] . Slightly heavier doping concentration is also feasible. The slot width of w slot = 30 nm can thus be determined by the 5 nm thick HfO 2 and the 20 nm thick ITO filling the slot region. Considering the optical confinement and the optical loss, we evaluated the widths of the three silicon rails in the active modulation region. Here, w 1 and w 2 are both set to 180 nm. The waveguide geometrical parameters were chosen taking into account the need for a strongly localized mode and a high sensitivity to refractive index changes in the slot, in order to provide efficient modulation. The top SiO 2 cladding layer is finally deposited on the entire structure. The voltage is applied to the p-doped Si and the ITO cladding is connected to the ground.
ITO is one of the most important TCO materials and has gained much attention due to its applications in display and solar cell fields [35] . In the near-infrared, ITO responds the light as a metal would, indicating that its free electrons dictate its optical response. The relative permittivity of ITO, as defined by the Drude model [15] , is given by
where ε ∞ = 3.9 F/m is the high-frequency dielectric constant [36] , γ = 1.8 × 10 14 rad/s is the electron scattering frequency [36] , ω is the frequency of the light and ω p is the plasma frequency.
The plasma frequency term ω p in (1) can be written as shown in
where N is the electron concentration, which is typically in the range of 10 19 ∼ 10 21 cm −3 depending on many factors, such as deposition conditions, defect states and film thickness, m * = 0.35m 0 is the electron effective mass in ITO [37] , m 0 is the mass of electron, e and ε 0 are the fundamental charge and the permittivity of free space, respectively. The Equation in (2) shows that the relative permittivity of ITO depends on the electron concentration.
The real and imaginary parts of the complex ITO permittivity as a function of wavelength are shown in Fig. 2(a) . The real and imaginary parts vary with different wavelengths under different carrier concentration. This indicates that the epsilon-near-zero point can be chosen when we change the operating wavelength and the initial electron concentration. We can thus adjust the deposition conditions to shift the operating wavelengths of ITO for specific applications [29] .
The real and imaginary parts of ITO permittivity as a function of the free-carrier concentration at the wavelength of 1.55 μm are depicted in Fig. 2(b) . The real part of the permittivity declines as the carrier concentration increases, resulting in the ITO properties change from dielectric to metal-like. Meanwhile, the imaginary part of the permittivity drastically increases that leads to the increased loss. When the carrier concentration N is about 6.47 × 10 20 cm −3 shown in Fig. 2(b) , the real permittivity approaches near zero, while the imaginary part of the permittivity begins to increase, corresponding to the absorption of the material. This is the so-called ENZ effect. In the ENZ region, large electric field enhancement will occur in the ITO carrier accumulation layer for near-infrared wavelengths, due to the continuity of the normal component of electric displacement field at the ITO/HfO 2 interface as shown in
where E I TO and E HfO 2 represent the normal components of electric field at the ITO and HfO 2 interface, respectively. ε I TO and ε HfO 2 are the permittivity of ITO and HfO 2 , respectively. The electron concentration in ITO can be efficiently altered by accumulation or depletion in the MOS structure with the applied voltage. Here, we consider the initial carrier concentration N in ITO to be 1 × 10 19 cm −3 in order to obtain low optical loss when there is no applied voltage. We employed a commercial software to simulate the carrier distribution near the ITO/HfO 2 interface and the Si/HfO 2 interface. The doping concentration of the p-doped Si is 1 × 10 18 cm −3 . The positive voltage is applied to the p-doped Si and the ITO cladding is connected to the ground as shown in Fig. 1 . We assume that the external electrodes form ohmic contacts with the p-doped Si and the ITO cladding. The uniform concentration model is generally employed, which assumes uniform concentration of the accumulation layer based on different theories. One of the cases is based on the approximation of the Thomas-Fermi screening effect. This model is not adequate to describe the carrier behavior and overestimates the interaction between the light and the material as the ENZ region has a larger overlap with the waveguide mode [38] . Here, the more accurate classical model is considered to simulate the carrier concentration at the ITO/HfO 2 interface. The change in accumulation carrier concentration is determined from solutions of Poisson equation and the electron and hole drift-diffusion equations at different applied voltages. Fermi-Dirac statics, bandgap narrowing model, concentration dependent mobility, and electric-field dependent mobility model are considered in the simulation. The carrier distribution in ITO at different voltages in one of the slots is shown in Fig. 3 . The result indicates that the ENZ region is narrower than expected and the carrier concentration decreases exponentially far away from the ITO/HfO 2 interface. When the driving voltage is approximately 3 V, the carrier concentration increases to N E N Z = 6.47 × 10 20 cm −3 , which turns ITO into ENZ. Higher voltages lead to the expansion of the ENZ region. Meanwhile, the dual-slot structure is employed to increase the overlap between the ENZ region and the waveguide mode owing to the two additional carrier accumulation layers.
In order to evaluate the effect of free carriers and the ENZ region on the optical propagation, the carrier concentration changes are translated into material permittivity variations. The resulting ITO permittivity is subsequently fed into an eigenmode solver to calculate the guided mode effective index, n ef f . From the mode effective refractive index, the electro-absorption (EA) rate, insertion loss and extinction ratio can be extracted.
Results and Discussion
In this section, the performance of the dual-slot EO modulator is discussed. The mode properties of the single-slot waveguide and the dual-slot waveguide are analyzed and compared. The transmission property of the dual-slot modulator is also investigated.
Performance Parameters of the EA Modulator
To evaluate the ENZ effect on the optical mode, the Lumerical Solutions software is utilized. The mode loss is related to the carrier distribution induced by the voltage applied, which is shown as
where λ is the operating wavelength and Im(n ef f ) is the imaginary part of the effective refractive index. An important device and photonic circuit design criterion is the insertion loss in the "ON" state (with no voltage applied) of the electro-optic modulator, which is defined as
where α O N is the mode loss of the modulator in the "ON" state, and L is the modulation region length. Another important figure of merit is the extinction ratio which is the difference between the mode loss in the "OFF" state (with voltage applied) and in the "ON" state, illustrating the modulation strength, which is shown in
where α O FF and α O N are the mode loss of the modulator in the "OFF" state and the "ON" state, respectively. L is the modulation region length.
Since the carrier accumulation is an ultra-fast electric field effect, the modulation bandwidth of the modulator is mainly determined by the RC delay, which is expressed as
where R and C are the resistance and the capacitance of the modulator, respectively. In order to obtain more accurate results, the p-doped silicon is incorporated in the simulation. The doped silicon has a very small impact on the optical loss actually because the light in the active modulation region is tightly confined in the two slots. The relatively highly doped ITO mainly contributes to the insertion loss of the device. When the applied voltage is 0 V, the ITO behaves as a low-loss dielectric material. As the applied voltage increases, the carrier accumulation layer is formed around the ITO/HfO 2 interface and the ITO permittivity is modulated with the voltage resulting in optical modulation. When the accumulated carrier concentration reaches to N E N Z , the ENZ region will result in a drastic modal confinement and attenuation.
Mode Analysis and Device Characterization
Here, we first analyze the mode properties of the single-slot waveguide and the dual-slot waveguide at the wavelength of 1.55 μm and compare the differences between the two waveguide structures in terms of the modulation efficiency and the optical loss. The refractive index of silicon in the near-infrared wavelength used in our simulation is 3.475. The refractive index of HfO 2 is 2.07.
The single-slot waveguide can tightly confine the optical mode in the slot area. The dual-slot waveguide structure is proposed to add another slot region for further enhancing the light-material interaction in addition to confining the optical mode. We compare the performance of the two waveguide structures in aspect of the modulation efficiency and the insertion loss to show the benefits of the dual-slot waveguide configuration.
The mode loss and the effective refractive index of the single-slot waveguide and the dual-slot waveguide are displayed in Fig. 4 . The insets in Fig. 4(a) show the corresponding electric field distribution for the TE-mode of the dual-slot waveguide and the single-slot waveguide at V = 0 V and V = 5 V, respectively.
It is interesting to see that the maximum loss is saturated about at 6 V for both cases as shown in Fig. 4(a) . This is because the ENZ region that absorbs is well defined and will not change its size when the applied voltage increases beyond a saturation point. Applying higher voltages will induce higher carrier concentration at the ITO/HfO 2 interface as shown in Fig. 3 , which results in metallic properties. It will move the transition from dielectric to metallic behavior from the interface into the bulk ITO material. Thus, the ENZ region are shifted but not increased and the absorption reaches to saturation. For the following discussions, we consider the mode loss at 5 V in order to prevent the HfO 2 from breakdown [38] .
For the single-slot waveguide, the electro-absorption (EA) rate is 0.05 dB/μm at 0 V and 1.116 dB/μm at 5 V. As a result, the modulation strength of 1.066 dB/μm can be achieved. For a 10 μm long modulation region, the IL and the ER of the modulator are 0.5 dB and 10.66 dB, respectively. For the dual-slot waveguide, the mode loss curve has a steeper slope when the applied voltage is about 3.2 V. Meanwhile, the EA rate of 0.037 dB/μm at 0 V and 1.483 dB/μm at 5 V can be obtained, which indicates the modulation strength of 1.44 dB/μm. Therefore, the modulation strength of the dual-slot waveguide increases by 35% compared with that of the singleslot waveguide. For a 10 μm long modulation region, the IL can be therefore reduced to 0.37 dB and the ER can be improved to 14.44 dB. These results show that the IL of the dual-slot modulator decreases and the ER increases compared with those of the single-slot modulator. Higher modulation efficiency of 1.6 dB/μm can be obtained when the carrier concentration increases to 1 × 10 20 cm −3 , however at the cost of the large optical loss. The performance of the dual-slot modulator is also improved in comparison with the modulator based on the silicon rib waveguide coated by the HfO 2 /ITO/HfO 2 stack with an EA rate of about 1.1 dB/μm at 5 V [39] .
The effective refractive index for the dual-slot waveguide and the single-slot waveguide is given in Fig. 4(b) . When the voltage is about 3.2 V, there exists a minimum point indicating the action of the ENZ effect which is consistent with the results of the carrier distribution and the mode loss. The result shows that the effective index of the dual-slot waveguide is larger than that of the single-slot waveguide, which indicates that the confinement is relatively weaker than that of the single-slot waveguide. Therefore, the fraction of the optical mode outside the dual-slot areas increases and the insertion loss decreases. Meanwhile, the interaction between the optical mode and the ENZ region in this case is enhanced owing to the two additional carrier accumulation layers.
The wavelength dependence of the dual-slot waveguide modulator is shown in Fig. 5 . The loss curves of the TE-mode shift to the right side while the wavelength decreases. The optical bandwidth of the device can cover 200 nm (1450 nm-1650 nm) with ERs of over 13.5 dB for a 10 μm long modulation length, indicating that the modulator can operate at S, C, and L bands. Such wide optical bandwidth performance is beneficial for the application of wavelength related systems, such as wavelength-division multiplexing (WDM), wavelength selective switch (WSS).
We estimated the modulation speed and energy consumption of the dual-slot EO modulator. Since the modulation is based on the accumulation of the MOS capacitor formed by the ITO, the HfO 2 and the p-doped silicon, the speed of the modulator is limited only by the RC delay. The resistivity of the p-doped silicon R Si is estimated to be 500 ·μ m when the doping level is 1 × 10 18 cm −3 . The unit area capacitance C 0 of the MOS capacitor in the accumulation mode is approximated as C 0 = 0 r /d ox , where 0 is the permittivity of vacuum, r is the dielectric constant of the insulator ( r = 25 is used for HfO 2 ), and d ox is the thickness of the insulator. According to the dimensions of the waveguide structure as shown in Fig. 1 and the material parameters, the equivalent R and C of the modulator are about 167 ·μ m and 4.68 × 10 −14 F/μm. So, the bandwidth is estimated to be around 20 GHz. Since the average energy consumed for sending one bit can be written as 1/4CV 2 , the energy consumption is estimated to be 2.93 pJ/bit assuming that the length of the modulator is 10 μm and the driving voltage is 5 V.
The dual-slot waveguide structure is proposed to further enhance the light-material interaction, operating in the transverse electric (TE) mode. When there is no applied voltage, the TE-mode is confined in the two slots of the waveguide and suffers low loss indicating the "ON" state of the dual-slot modulator. When the voltage applied to the MOS capacitor increases to enable the carrier concentration N in ITO to reach N E N Z , the ENZ effect will constrain the light in the ENZ region and highly absorb the light. Minimum optical transmission occurs in the waveguide structure. We call this the "OFF" state of the modulator.
The transmission property of our proposed modulator is analyzed by performing 3D-FDTD simulations from the commercial software Lumerical Solutions. Fig. 6 shows the transmission of the two states at the wavelength of 1.55 μm, namely the "ON" state and the "OFF" state. We launched the TE-mode in the input silicon waveguide and obtained the transmission property of the electroabsorption modulator. Here, we consider that the length of the transition region is 3 μm. The width of the central waveguide in the transition region linearly changes from 450 nm to 180 nm. The Fig. 6 . E x Field evolution of the input TE-mode along the propagation distance of the proposed ITObased dual-slot modulator with a 5 μm long active modulation region at both (a) "ON" state and (b) "OFF" state. waveguides on both sides of the central waveguide in the transition region changes from 300 nm to 180 nm, while the gap narrows from 100 nm to 30 nm. For a 5 μm long active modulation region, when the applied voltage is 0 V, the optical mode will almost not attenuate and the power transmission is 90.3%, corresponding to the value of 0.44 dB. When the voltage is 5 V, the optical mode will drastically attenuate and the power transmission is 15.7%, corresponding to the value of 8.04 dB. Thus, we can obtain the ER of 7.6 dB and the total propagation loss of 0.44 dB including the coupling loss of 0.26 dB for the modulator with a 5 μm long active region. This result indicates that the modulation efficiency of 1.52 dB/μm can be achieved, which is consistent with the 2D mode analysis above. We can therefore deduce that the ER can reach to 15.2 dB and the total loss is only 0.62 dB when the modulation region is 10 μm. Meanwhile, through the optimization of the structural parameters, the coupling loss can be further reduced.
The influences of the geometric parameters on the extinction ratio, insertion loss and coupling loss are analyzed in the following discussion. The ER and IL are determined by the active modulation region with the key structural parameters denoted by w 1 and w slot . The relationship between IL and w 1 with the slot width variation from 20 nm to 60 nm is presented in Fig. 7(a) . As we can see, when w 1 alters from 50 nm to 290 nm, the IL can be below 0.05 dB/μm if w slot is in the range of 30 nm (from 20 nm to 50 nm). The IL becomes larger when the slot width w slot widens. The impact of the parameters on the ER of the modulator is shown in Fig. 7(b) . When w 1 changes from 50 nm to 220 nm, the ER can be maintained to be larger than 1.0 dB/μm if w slot varies from 20 nm to 50 nm. When w 1 and w slot become smaller, the ER is larger due to the enhanced light-material interaction. For a 10 μm long modulation region, the IL can be therefore lower than 0.5 dB while the ER can be larger than 10 dB. These results indicate that the proposed modulator is robust to the variation of the structural parameters. However, the coupling loss greatly contributes to the total propagation loss of the dual-slot modulator. The transition region needs to be carefully designed to efficiently convert the optical mode in the silicon waveguide into the slot mode and vice versa. The key parameters that are directly related to the coupling loss are the length of the transition region L 2 and the gap G 2 . By utilizing the 3D-FDTD simulation, we first obtain the propagation loss of the whole device, including the insertion loss and the coupling loss. Exploiting the results obtained by the previous analysis of the optical mode property, we can get the coupling loss by deducting the insertion loss from the total loss.
To study the influence of L 2 and G 2 on the coupling loss, we fixed the active region length L 1 at 5 μm. We then changed the value of L 2 from 0.5 μm to 5 μm when the gap G 2 was set to 0.05 μm, 0.1 μm, 0.2 μm, 0.3 μm, 0.4 μm and 0.5 μm, respectively. As shown in Fig. 8 , the coupling loss is relatively high and not very sensitive to the change of the transition region length L 2 when the gap G 2 is comparable to the slot width. The reason for this case is that the transition region has a quick impact on the optical mode and the structural discontinuity results in optical loss. When the gap G 2 gets larger, the coupling loss extremely increases when L 2 is too short and then decreases with L 2 increasing. In this case, the transition region with longer L 2 can efficiently convert the optical mode in the silicon waveguide into the dual-slot waveguide mode and reduce the coupling loss. In principle, the coupling loss can be reduced to a minimum value when the transition region length L 2 is long enough and the gap G 2 is large enough at the same time. Considering the compactness of the whole device, we choose the gap G 2 of 0.2 μm to evaluate the influence of the taper region length L 2 on the coupling loss. The result shows that the coupling loss reaches to the minimum value of 0.12 dB when L 2 is about 3.4 μm. These results indicate that the transition region plays an important role in reducing the coupling loss and improving the efficiency of the mode evolution between the input/output waveguide and the active modulation region due to minimizing the structural discontinuity.
Conclusions
In conclusion, we propose a dual-slot electro-absorption modulator based on ITO. The dual-slot waveguide structure is employed to increase the overlap between the ENZ region and the waveguide mode owing to the two additional modulation regions. We employ the rigorous physical models to simulate the behavior of carriers in ITO and obtain the modulator performance by integrating the carrier distribution and the optical mode. We can therefore achieve an ER of 15.2 dB with only a 10 μm long active modulation region. Meanwhile, the total loss of the dual-slot modulator is only 0.62 dB including the coupling loss. Through the optimized design, the coupling loss can be further reduced to 0.12 dB. Meanwhile, the electro-absorption modulator can operate in a wide spectrum, covering the S, C, and L bands. Overall, the proposed dual-slot broadband electrooptic modulator is highly-efficient, low-loss and ultracompact which is very promising for the future chip-scale integration.
